Introduction
============

Esophageal cancer is one of the most frequently diagnosed cancers worldwide.[@b1-ott-11-3323] In Eastern Asian countries including China, esophageal squamous cell carcinoma (ESCC) is the major histologic type of esophageal cancer.[@b2-ott-11-3323] Despite advances in the prevention and treatment of esophageal cancer, the prognosis of this malignancy is still poor. It is estimated that the overall 5-year survival rate for ESCC is \<40%.[@b3-ott-11-3323],[@b4-ott-11-3323] Identification of the mechanisms underlying the growth and progression of ESCC is of importance in combating this disease.

Minichromosome maintenance (MCM) proteins are highly conserved in eukaryotes and play an essential role in DNA replication initiation and elongation.[@b5-ott-11-3323] MCM2--7 proteins are related to each other and form the hexameric complex as a key component of the prereplication complex, contributing to DNA unwinding. MCM1, MCM8, and MCM10 are distinct from MCM2--7 proteins, but also participate in DNA synthesis.[@b6-ott-11-3323] Despite the lack of enzymatic domains, MCM10 can interact with replication factors including the MCM2--7 complex and thus coordinate DNA replication.[@b7-ott-11-3323]

There is growing evidence for the implication of MCM proteins in cancer progression.[@b8-ott-11-3323]--[@b10-ott-11-3323] For example, high expression of MCM3 is associated with epithelial--mesenchymal transition and invasion in prostate cancer.[@b8-ott-11-3323] Likewise, upregulation of MCM7 is linked to aggressive parameters and poor prognosis in pituitary adenoma.[@b9-ott-11-3323] Blocking MCM2 activity has been reported to enhance DNA damage-induced apoptosis in breast cancer cells.[@b10-ott-11-3323] A previous study has shown that MCM10 is significantly overexpressed in cervical cancer specimens relative to normal cervical tissues.[@b11-ott-11-3323] Another study demonstrated that MCM10 overexpression is associated with advanced stage, nodal metastasis, and vascular invasion, and predicts adverse prognosis in urothelial carcinoma.[@b12-ott-11-3323] However, the expression and biologic role of MCM10 in esophageal cancer is still unclear.

In this study, we examined the expression of MCM10 in 64 pairs of ESCC samples and adjacent normal esophageal tissues and evaluated the relationship between MCM10 expression and clinicopathologic features of ESCC. Moreover, the consequence of deletion of MCM10 through the CRISPR/Cas9 technology in ESCC cells was determined.

Materials and methods
=====================

Tissue specimens
----------------

We collected 64 pairs of formalin-fixed, paraffin-embedded and 56 pairs of fresh cancerous and normal esophageal tissues from ESCC patients who underwent curative surgery between 2003 and 2004 at Linzhou People's Hospital (Linzhou, China). No patient received radiotherapy or chemotherapy before operation. All cases were pathologically confirmed as ESCC. Among the patients, there were 28 women and 36 men, with a median age of 60 years (range 40--80 years). Lymph-node metastasis was detected in 38 cases. The study was approved by the Ethical Review Board of Zhengzhou University (Zhengzhou, China). Written informed consent was obtained from each patient for the use of their tissue in research.

Immunohistochemical staining for MCM10
--------------------------------------

Immunohistochemical analysis of MCM10 was performed following a standard protocol. In brief, tissue sections were deparaffinized, rehydrated, and incubated with 3% H~2~O~2~ to eliminate endogenous peroxidase activity. After blocking with 5% normal goat serum, sections were incubated with rabbit anti-MCM10 polyclonal antibody (1:500 dilution; Atlas, Stockholm, Sweden) at 4°C overnight, followed by biotinylated goat anti-rabbit immunoglobulin for 30 min at room temperature. After washing, sections were incubated with 3,3′-diaminobenzidine used as a chromogen and counterstained with hematoxylin. Negative controls were included using nonimmune serum.

The evaluation of immunohistochemical results was done in a blind manner by two independent pathologists. A final staining score was calculated by multiplying the scores for staining intensity (0, negative; 1, weak; 2, intermediate; 3, strong) and percentage of positive cells (0, \<25% positive cells; 1, 25%--50% positive cells; 2, 50%--75% positive cells; 3, \>75% positive cells). Samples were defined as high MCM10 expression when the final scores were 4--9.

Real-time PCR analysis
----------------------

Fresh tissue samples were immediately frozen in liquid nitrogen after surgical resection. Total RNA from tissues and cells was extracted using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA). cDNA was synthesized using the HiScript Q Select RT SuperMix for quantitative PCR and random hexamers from Vazyme Biotech (Nanjing, China). Quantitative real-time PCR was carried out with the SYBR Green PCR Master Mix (Vazyme Biotech). PCR primers are as follows: MCM10 forward, 5′-CACAGAAATGAACAAGAA-3′ and MCM10 reverse, 5′-AATAAGAACAAGGACACA-3′; GAPDH forward, 5′-GGAGCGAGATCCCTCCAAAAT-3′ and GAPDH reverse, 5′-GGCTGTTGTCATACTTCTCATGG-3′. GAPDH was used as a loading control. The relative expression of MCM10 was calculated using the 2^−ΔΔCt^ method.[@b13-ott-11-3323]

Reverse transcription PCR (RT-PCR) analysis
-------------------------------------------

Total RNA was extracted and reverse-transcribed to cDNA, as described above. PCR amplification was conducted using the same primers as used in real-time PCR. PCR products were subjected to 1% agarose gel electrophoresis and stained with ethidium bromide.

Cell culture
------------

K520, K510, K410, K30, K180, HKESC1, EC7906, EC18, and EC109 ESCC cells were kindly provided by Professor Srivastava (University of Hong Kong). Cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) (Invitrogen) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific). The usage of the cell lines was approved by the Ethical Review Board of Zhengzhou University.

Plasmid construction
--------------------

For generation of MCM10-targeting single-guide RNAs (sgRNAs), three pairs of oligonucleotides were designed with the sequences as follows: sgRNA-1 forward, 5′-ACCGGAGGCTGATGATGGAGAAAC-3′ and sgRNA-1 reverse, 5′-AAACGTTTCTCCATCATCAGCCTC-3′; sgRNA-2 forward, 5′-ACCGGAAAATCTGGCCAC TCTCTT-3′ and sgRNA-2 reverse, 5′-AAACAAGAGAGTG GCCAGATTTTC-3′; sgRNA-3 forward, 5′-ACCGGG CCACTCTCTTTGGAGATA-3′ and sgRNA-3 reverse, 5′-AAACTATCTCCAAAGAGAGTGGCC-3′. The complementary oligonucleotides were annealed and cloned into the pGL3-U6 expression vector. To evaluate CRISPR-mediated gene knockout efficiency, MCM10 genomic fragments containing sgRNA target sites were inserted into the pmCherry-C1-enhanced green fluorescent protein (EGFP) plasmid. The insertion of MCM10 genomic sequence created a frameshift mutation that led to disruption of the expression of EGFP. When the inserts were removed by sgRNA-guided Cas9 endonuclease, EGFP expression was detected, thus indicating the knockout efficiency. A plasmid expressing human Cas9 was obtained from Addgene. Full-length *MCM10* cDNA in pCMV6-Entry vector was obtained from OriGene Technologies (Rockville, MD, USA).

Cell transfection and sorting
-----------------------------

EC109 cells (1 × 10^6^ cells/well) were seeded onto six-well plates and transfected with the Cas9 vector, sgRNA-expressing plasmid, and reporter plasmid (0.8 µg for each) with Lipofectamine 3000 (Thermo Fisher Scientific). Forty-eight hours after transfection, transfected cells were observed under a fluorescence microscope and subjected to flow cytometric sorting. Cells showing strong EGFP signals were sorted. Cells without transfection of the sgRNA-expressing plasmid were used as a control. The sorted cells were plated at a density of 1 cell/well onto 96-well plates by limiting dilution. Cell clones were collected and tested for gene mutation or deletion.

In rescue experiments, MCM10-depleted EC109 cells were transfected with a plasmid expressing a constitutively active isoform of Akt or empty vector (Addgene, Cambridge, MA, USA) using Lipofectamine 2000. Twenty-four hours after transfection, cells were tested for proliferation and migration. For inhibitor experiments, K510 ESCC cells were pretreated with LY294002 (25 µM; Sigma, St Louis, MO, USA) or vehicle for 30 min at 37°C before transfection with MCM10-overexpressing plasmid or empty vector.

T7 endonuclease I assay
-----------------------

Genomic fragments containing the sgRNA-1 target site were amplified by PCR with the following primers: forward, 5′-CGTGCTTATTCTCTGTCCTTTCTC-3′ and reverse, 5′-CTGGCCCAAACATTTCATCTACCA-3′. PCR products were purified and mixed with wild-type genomic DNA (in a 1:1 ratio). The mixture was denatured at 100°C for 5 min and annealed at room temperature. After treatment with T7 endonuclease I (New England Biolabs, Ipswich, MA, USA) at 37°C for 2 h, the resulting fragments were subjected to 1% agarose gel electrophoresis and stained with ethidium bromide.

DNA sequencing
--------------

PCR fragments containing the sgRNA-1 target site were ligated to the T-simple vector and subjected to DNA sequencing performed by Shanghai Sangon Biotechnology Company (Shanghai, China).

Cell growth assay
-----------------

Cells were plated in 24-well plates (5 × 10^3^ cells/well) and cultured for 7 days and counted using a hemocytometer. Each experiment with six replicates was repeated three times.

Colony formation assay
----------------------

EC109 cell clones expressing wild-type and mutant MCM10 were seeded onto six-well plates (1,000 cells/well) and cultured for 3 weeks. Colonies were stained with 1% bromophenol blue and counted. For soft-agar colony formation assay, DMEM containing 0.6% agar and 10% FBS was plated on six-well plates. After solidification, cells (1,000 cells/well) suspended in culture medium containing 0.4% agar and 10% FBS were added on the gel. Cells were incubated for 3 weeks at 37°C. Visible colonies were photographed and counted.

In vitro wound-healing assay
----------------------------

Cells were seeded onto six-well plates (6 × 10^5^ cells/well) and allowed to grow to 90% confluence. The cell monolayer was scratched with a 200-µL pipette tip. To block cell proliferation, mitomycin-C (Sigma; 1 µg/mL) was added in the media. After incubation for 48 h, cells were photographed. Wound healing was quantified by measuring the shortest distance between scratch edges at 0 and 48 h after scratching.

Western blot analysis
---------------------

Cell lysates were prepared in lysis buffer (50 mM Tris--HCl (pH 8.0), 150 mM NaCl, 1% NP40, 0.5% deoxycholate, and 0.1% sodium dodecyl sulfate \[SDS\]) containing 1 µg/mL aprotinin, 1 µg/mL leupeptin, and 1 mmol/L phenylmethylsulfonyl fluoride (Sigma). Protein concentration was measured using the Protein Assay kit (Bio-Rad, Hercules, CA, USA). Equal amounts of protein samples were separated by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. The membranes were incubated with anti-Akt (\#9272, Cell Signaling Technology, Danvers, MA, USA; 1:500 dilution), anti-phospho-Akt (\#9271, Cell signaling; 1:300 dilution), and anti-β-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1:2,000 dilution). Horseradish peroxidase-conjugated immunoglobulin G (Santa Cruz Biotechnology; 1:5,000 dilution) was used as a secondary antibody. Signals were visualized by enhanced chemiluminescence (Amersham Biosciences, Buckinghamshire, UK).

Statistical analysis
--------------------

Comparison of quantitative data was determined by the Student's *t*-test, unless otherwise specified. The relationship between MCM10 expression and clinicopathologic factors was analyzed using the chi-square test. *P*\<0.05 was considered statistically significant.

Results
=======

MCM10 is upregulated in ESCC
----------------------------

Immunohistochemical staining for MCM10 was performed in 64 pairs of formalin-fixed, paraffin-embedded ESCC samples and adjacent normal esophageal tissues. It was found that MCM10 was predominantly detected in the cytoplasm of tumor cells ([Figure 1A](#f1-ott-11-3323){ref-type="fig"}). Low and high expression of MCM10 was detected in 27% (17/64) and 73% (47/64) of the ESCC specimens and 70% (45/64) and 30% (19/64) of normal esophageal tissues, respectively ([Figure 1B](#f1-ott-11-3323){ref-type="fig"}). There was a significant difference in MCM10 protein levels between ESCC and adjacent normal tissues (*P*\<0.0001; [Figure 1B](#f1-ott-11-3323){ref-type="fig"}). We also examined the mRNA expression of MCM10 in 56 pairs of fresh ESCC samples and corresponding normal tissues by real-time PCR analysis. The results showed that the amounts of MCM10 transcripts were significantly greater in ESCC than in normal tissues (*P*\<0.001; [Figure 1C](#f1-ott-11-3323){ref-type="fig"}). Compared to the other ESCC cell lines tested, K520, K510, and K410 cells showed lower levels of MCM10 mRNA ([Figure 1D](#f1-ott-11-3323){ref-type="fig"}).

Relationship between MCM10 expression and clinicopathologic features of ESCC
----------------------------------------------------------------------------

Next, we assessed the correlations between MCM10 expression and clinicopathologic features of ESCC. As summarized in [Table 1](#t1-ott-11-3323){ref-type="table"}, the expression of MCM10 was significantly associated with age at diagnosis (*P*=0.033). However, no significant difference was detected between MCM10 levels and other parameters including gender, differentiation grade, invasion status, and TNM stage.

Deletion of MCM10 through CRISPR/Cas9 technology
------------------------------------------------

EC109 cells were transfected with the Cas9, sgRNAs, and reporter constructs, and after incubation for 48 h, the reporter expression was examined. The expression of EGFP was found in some reporter-transfected clones, indicating the removal of the MCM10 sgRNA target site in the reporter by sgRNA-guided Cas9 ([Figure 2A](#f2-ott-11-3323){ref-type="fig"}). Moreover, delivery of sgRNA-1 yielded the highest knockout efficiency, compared to the other two sgRNAs (data not shown). Therefore, in the following experiments, we used sgRNA-1 to eliminate MCM10 expression. Flow cytometric sorting showed that 18% of sgRNA-1-transfected cells emitted both red and green fluorescence (data not shown). Flow cytometry sorted cells were expanded to form single-cell clones. PCR amplicons were subjected to the mismatch-sensitive T7 endonuclease assay ([Figure 2B](#f2-ott-11-3323){ref-type="fig"}). It was found that out of the 96 cell clones tested, 72 had mutations induced by sgRNA-guided Cas9. Sequencing of the PCR products demonstrated that 30 of the 33 samples (90.9%) had deletion mutations, two (6%) frame-shift mutations, and one wild-type. Additionally, RT-PCR and Western blot analyses confirmed the ablation of MCM10 in the Clone 5 subline ([Figure 2C](#f2-ott-11-3323){ref-type="fig"}).

Depletion of MCM10 suppresses the migration of ESCC cells
---------------------------------------------------------

We also checked the effect of MCM10 knockout on the migration of ESCC cells. The percentage of wound closure was markedly reduced in the Clone 5 subline compared to that in the Clone 1 subline ([Figure 2D](#f2-ott-11-3323){ref-type="fig"}). Moreover, the Clone 1 subline exhibited a reduced migration capacity relative to wild-type EC109 cells ([Figure 2D](#f2-ott-11-3323){ref-type="fig"}). These observations suggest an important role for MCM10 in the regulation of ESCC cell migration.

MCM10 is required for the growth of ESCC cells
----------------------------------------------

Next, we assessed the impact of MCM10 deficiency on the growth of EC109 cells. We found that the Clone 5 subline had a significantly lower proliferation capacity than the Clone 1 subline (*P*\<0.05; [Figure 3A](#f3-ott-11-3323){ref-type="fig"}). Colony formation assay confirmed that the Clone 5 subline formed significantly fewer colonies than the Clone 1 subline (*P*\<0.05; [Figure 3B](#f3-ott-11-3323){ref-type="fig"}). To investigate the role of MCM10 in the anchorage-independent growth of ESCC cells, soft-agar colony formation assay was performed. As depicted in [Figure 3C](#f3-ott-11-3323){ref-type="fig"}, the number of colonies formed by the Clone 5 subline was significantly lower than that by the Clone 1 subline (*P*\<0.05). These results indicate that MCM10 plays an essential role in the growth of ESCC cells.

MCM10 overexpression enhances the growth and migration of ESCC cells
--------------------------------------------------------------------

Next, we explored the effect of ectopic expression of MCM10 on the aggressive phenotype of ESCC cells. It was found that overexpression of MCM10 ([Figure 4A](#f4-ott-11-3323){ref-type="fig"}) significantly promoted the growth ([Figure 4B](#f4-ott-11-3323){ref-type="fig"}) and migration ([Figure 4C](#f4-ott-11-3323){ref-type="fig"}) of both K510 and K520 ESCC cells.

MCM10 loss-induced suppression of growth and migration involves inhibition of Akt signaling
-------------------------------------------------------------------------------------------

Western blot analysis revealed that MCM10 depletion led to a marked inhibition of Akt phosphorylation on Ser473 in EC109 cells ([Figure 5A](#f5-ott-11-3323){ref-type="fig"}). However, the phosphorylation levels of nuclear factor kappa B (NF-κB), extracellular signal-regulated kinase (ERK), and p38 protein were not altered by MCM10 depletion (data not shown). To confirm the role of Akt signaling in the action of MCM10, we performed rescue experiments in the Clone 5 subline using constitutively active Akt ([Figure 5B](#f5-ott-11-3323){ref-type="fig"}). Of note, overexpression of constitutively active Akt restored cell growth ([Figure 5C](#f5-ott-11-3323){ref-type="fig"}) and migration ([Figure 5D](#f5-ott-11-3323){ref-type="fig"}) in MCM10-deficient cells. In contrast, ectopic expression of active Akt had no significant impact on the proliferation of wild-type EC109 cells. In addition, the migration was moderately increased by overexpression of active Akt in wild-type EC109 cells.

Inhibition of Akt signaling blocks MCM10-induced cell proliferation and migration
---------------------------------------------------------------------------------

Western blot analysis indicated that overexpression of MCM10 promoted Akt phosphorylation in K520 cells transfected with MCM10-expressing plasmid ([Figure 6A](#f6-ott-11-3323){ref-type="fig"}). We pretreated K520 cells with LY294002 or vehicle before transfection with empty vector or MCM10-expressing plasmid. Inhibition of Akt phosphorylation can restrain cell growth ([Figure 6B](#f6-ott-11-3323){ref-type="fig"}) and cell migration capacity ([Figure 6C](#f6-ott-11-3323){ref-type="fig"}) in MCM10-overexpressed cells.

Discussion
==========

In this study, we showed that MCM10 was upregulated at both protein and mRNA levels in ESCC relative to adjacent normal esophageal tissues. Consistent with our findings, MCM10 overexpression is detected in cervical cancer and urothelial carcinoma.[@b11-ott-11-3323],[@b12-ott-11-3323] A previous study has reported that MCM10 is frequently mutated in early gastric cancer.[@b14-ott-11-3323] These results suggest a possible role for MCM10 in carcinogenesis. It has been documented that MCM10 overexpression correlates with advanced stage, nodal metastasis, and vascular invasion in urothelial carcinoma. However, our data showed that there was no significant relationship between MCM10 expression and aggressive parameters of ESCC. The conflicting findings may be explained by different cancer types. Further studies are needed to explore the clinical significance of MCM10 overexpression in ESCC.

The emerging genome-editing technology CRISPR/Cas9 is based on RNA-guided nuclease Cas9 and guided RNA, which enables rapid, specific, and efficient modification of target genes in many cell types.[@b15-ott-11-3323],[@b16-ott-11-3323] Zhai et al employed the CRISPR/Cas9 system to inactivate *PLCE1* gene in esophageal cancer cells.[@b17-ott-11-3323] Another study has documented the knockout of *p53* gene in esophageal adenocarcinoma cells through the CRISPR/Cas9 approach.[@b18-ott-11-3323] In this study, we also successfully inactivated MCM10 in EC109 cells through the CRISPR/Cas9 technology. Of note, knockout of MCM10 significantly impaired the growth and colony formation of EC109 cells. Moreover, MCM10 knockout suppressed the anchorage-independent growth of EC109 cells on soft agar. In addition, the migration capacity was reduced in MCM10-null EC109 cells relative to wild-type equivalents. These results collectively indicate that MCM10 is required for the maintenance of the aggressive phenotype in ESCC cells.

MCM10 is implicated in MCM2--7 remodeling and cell-cycle progression and its functional deletion causes S phase defects,[@b19-ott-11-3323] which may explain the reduced growth in MCM10-null EC109 cells. In addition to regulation of cell-cycle progression, MCM proteins have the capacity to modulate cell migration and invasion. It has been documented that overexpression of MCM2, MCM3, and MCM7 facilitates cell migration and invasion in medulloblastoma cells.[@b20-ott-11-3323] Another study showed that MCM7 knockdown hinders the migration of KYSE510 and EC9706 cells in vitro.[@b21-ott-11-3323] In this study, we provide evidence for the importance of MCM10 in the migration of ESCC cells. Therefore, the interaction between MCM10 and MCM2--7 proteins may be critical for the growth and progression of ESCC.

To get more insight into the action of MCM10, we examined the signaling pathways involved. We noted that MCM10 null suppressed the phosphorylation of Akt, but spared NF-κB, ERK, and p38 in EC109 cells, suggesting the involvement of Akt signaling in the activity of MCM10. Rescue experiments provided direct evidence that overexpression of constitutively active Akt accelerated the growth and migration of MCM10-null EC109 cells. Activation of the Akt pathway is implicated in the growth and migration of ESCC cells induced by matrix metalloproteinase-1.[@b22-ott-11-3323] Another study demonstrated that overexpression of inhibitor of differentiation or DNA binding promotes growth and invasion of esophageal cancer cells through the Akt sig-naling pathway.[@b23-ott-11-3323] These studies, combined with our data, point toward the importance of Akt signaling in the action of MCM10 in ESCC. However, further studies are needed to clarify the mechanism by which MCM10 regulates the activation of Akt signaling.

A major limitation of this study is that the role of MCM10 was tested in only one ESCC cell line. Ongoing studies are designed to address the effect of targeted ablation of MCM10 on tumor growth and metastasis in mouse models inoculated with multiple ESCC cell lines.

In conclusion, our data demonstrate that MCM10 is upregulated in ESCC and contributes to the aggressive phenotype of ESCC cells. Activation of Akt signaling is involved in the oncogenic activity of MCM10 in ESCC. Targeting MCM10 may provide a potential therapeutic benefit in the treatment of ESCC.
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MCM10 is upregulated in ESCC.

**Notes:** (**A**) Representative images showing a pair of paraffin-embedded ESCC and adjacent normal esophageal tissues immunostained with anti-MCM10 antibody. Scale bar = 60 µm. (**B**) Summary of the immunohistochemical results in 64 pairs of paraffin-embedded ESCC and adjacent normal esophageal tissues. (**C**) Real-time PCR analysis of MCM10 mRNA levels in 56 pairs of fresh ESCC samples and corresponding normal tissues. (**D**) Real-time PCR analysis of MCM10 mRNA levels in a panel of ESCC cell lines.

**Abbreviations:** ESCC, esophageal squamous cell carcinoma; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MCM10, minichromosome maintenance 10; PCR, polymerase chain reaction.
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![Deletion of MCM10 through CRISPR/Cas9 technology.\
**Notes:** (**A**) Validation of CRISPR/Cas9-mediated knockout efficiency using a mCherry/GFP reporter construct. EC109 cells were transfected with the Cas9, sgRNAs, and reporter constructs, and mCherry/GFP fluorescence was examined 48 h after transfection. (a) Bright field image of cells. (b) Some cells displayed GFP fluorescence, indicating the presence of CRISPR/Cas9-mediated removal of target sequence. (c) EC109 cells that were transfected with reporter construct showed mCherry fluorescence. (d) Merged image of green and red fluorescence yielded yellow fluorescence. Scale bar = 100 µm. (**B**) T7 endonuclease assay. Different clones derived from EC109 cells transfected with Cas9 and sgRNAs were subjected to PCR amplification of genomic DNA containing sgRNA-1 target site. The size of T7 endonuclease I-digested DNA fragments is indicated on the right. Control, negative control. (**C**) Upper; RT-PCR analysis of MCM10 mRNA expression in different EC109 sublines. Lower; Western blot analysis of MCM10 protein levels. (**D**) Depletion of MCM10 hampers the migration of ESCC cells. In vitro wound-healing assay was performed to assess cell migration capacity. Top; one representative experiment. The percentage of wound closure was determined from three independent experiments. \**P*\<0.05 vs wild-type cells.\
**Abbreviations:** ESCC, esophageal squamous cell carcinoma; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GFP, green fluorescent protein; MCM10, minichromosome maintenance 10; RT-PCR, reverse transcription polymerase chain reaction.](ott-11-3323Fig2){#f2-ott-11-3323}

![MCM10 is required for the growth of ESCC cells.\
**Notes:** (**A**) Cells were cultured for 7 days and counted using a hemocytometer. Each experiment with six replicates was repeated three times. (**B**) Cells were plated at a low density and allowed to form colonies after culturing for 3 weeks. (**C**) Soft-agar colony formation assay. The number of colonies formed was quantified 3 weeks after plating. \**P*\<0.05 vs wild-type cells.\
**Abbreviations:** ESCC, esophageal squamous cell carcinoma; MCM10, minichromosome maintenance 10.](ott-11-3323Fig3){#f3-ott-11-3323}

![Overexpression of MCM10 promotes the growth and migration of ESCC cells.\
**Notes:** (**A**) Western blot analysis of MCM10 protein levels in K510 and K520 cells transfected with empty vector or MCM10-expressing plasmid. (**B**) Colony formation assay. Cells were plated at a low density and formed colonies after culturing for 2 weeks. (**C**) In vitro wound-healing assay was performed to assess cell migration capacity. \**P*\<0.05 vs empty vector-transfected cells.\
**Abbreviations:** ESCC, esophageal squamous cell carcinoma; MCM10, minichromosome maintenance 10.](ott-11-3323Fig4){#f4-ott-11-3323}

![MCM10 loss-induced suppression of growth and migration involves inhibition of Akt signaling.\
**Notes:** (**A**) Western blot analysis of Akt phosphorylation in different EC109 sublines. (**B**) Western blot analysis of Akt phosphorylation in the Clone 5 subline transfected with constitutively active Akt or empty vector. Numbers indicate fold change relative to the wild-type group. (**C** and **D**) Overexpression of constitutively active Akt restored cell growth (**C**) and migration (**D**) in the Clone 5 subline. \**P*\<0.05 vs vector control.\
**Abbreviations:** MCM10, minichromosome maintenance 10; ns, no statistical significance.](ott-11-3323Fig5){#f5-ott-11-3323}

![Inhibition of Akt signaling blocks MCM10-induced cell proliferation and migration.\
**Notes:** (**A**) Western blot analysis of Akt phosphorylation in K520 cells transfected with empty vector or MCM10-expressing plasmid. (**B**) K520 cells were pretreated with LY294002 or vehicle before transfection with empty vector or MCM10-expressing plasmid. Cells were cultured for 7 days and counted using a hemocytometer. Each experiment with six replicates was repeated three times. (**C**) In vitro wound-healing assay was performed to assess cell migration capacity. \**P*\<0.05 vs empty vector-transfected cells.\
**Abbreviations:** MCM10, minichromosome maintenance 10; ns, no statistical significance.](ott-11-3323Fig6){#f6-ott-11-3323}

###### 

Relationship between MCM10 expression and clinico-pathologic features of ESCC (n = 64)

  Variable                        MCM10 expression   *P*-value   
  ------------------------------- ------------------ ----------- -------
  Gender                                                         0.635
   Male                           8                  19          
   Female                         9                  28          
  Age (years)                                                    0.033
   \<60                           14                 19          
   ≥60                            5                  28          
  Differentiation                                                0.564
   Advanced                       3                  12          
   Moderate                       11                 32          
   Poor                           3                  3           
  Tumor--node--metastasis stage                                  0.777
   I/II                           8                  24          
   III/IV                         9                  23          
  Lymph-node metastasis                                          0.602
   Absent                         11                 27          
   Present                        6                  20          

**Abbreviations:** ESCC, esophageal squamous cell carcinoma; MCM10, minichro-mosome maintenance 10.
